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Introduction 


A  mathematical  model,  with  a  computer  implementation,  has  been 
developed  to  simulate  the  production  lines  at  Watervliet  Arsenal. 

The  model  takes  a  description  of  the  steps  required  to  transform 
raw  material  into  a  finished  product  and  a  list  of  the  machines 
and  workers  available  for  production.  From  these  data,  the  model 
will  predict  such  things  as: 

1.  The  output  of  the  line  in  number  of  items  produced  per  month. 

2.  Utilization  of  machines  and  workers. 

3.  Areas  where  the  number  or  quality  of  machines  and/or  workers 
is  not  adequate  to  meet  desired  production  goals. 

Description  of  the  Mathematical  Model 

Raw  material  is  transformed  into  a  finished  product  by  subjecting 
it  to  a  well-defined  sequence  of  operations.  The  operations  are 
performed  by  means  of  equipment  operated  by  workers.  Some  pieces  of 
equipment  will  occasionally  go  down,  either  for  scheduled  maintenance 
or  to  correct  an  unscheduled  failure.  Each  worker,  because  of 
physical  constraints  and  his  experience  and  skills,  can  only  perform 
certain  tasks.  Furthermore,  workers  do  not  work  all  day;  at  some 
point,  they  leave  and  are  replaced  by  a  new  shift. 

The  mathematical  model  is  an  abstracted,  idealized  version  of 
the  above.  The  model  has  five  key  elements  which  we  will  examine  in 
detail:  items,  production  processes,  facilities,  workers  and  queues. 

The  items  are  the  things  being  produced.  They  arrive  at  the 
plant  in  a  raw  state  and  are  then  converted  into  finished  products. 

A  production  process  is  a  list  of  steps,  or  operations,  performed 
in  a  certain  sequence.  There  may  be  more  than  one  production  process, 
in  which  case  the  different  processes  correspond  to  different  end  items 
For  example,  a  given  plant  may  produce  two  products;  let  us  call  them 
"widgets"  and  "gadgets".  The  widgets  may  have  a  production  process 
that  could  be  represented  schematically  as  follows: 

A  — *  B - ►  C - *  D 

This  means  that  the  raw  widget  goes  through  steps  A,  B,  C  and  D  in 
that  order.  At  the  end  of  step  D,  the  widget  is  finished  and  ready 
for  shipping.  The  gadgets,  on  the  other  hand,  may  have  a  production 
process  given  by  the  diagram: 

E - >  F - >  G  - *  H 
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On  arrival  at  the  plant,  each  raw  item  is  marked  as  to  whether  it 
will  ultimately  become  a  widget  or  a  gadget.  A  widqet  cannot  be 
transformed  in  mid-orocess  to  a  gadget.  Cnee  a  raw  item  enters  the 
widget  process,  it  must  complete  the  widget  process,  in  exactly  the 
order  specified  for  widgets. 

The  definition  of  the  processes  is  somewhat  freer  than  the  above 
examples  imply.  There  is  provision,  for  example,  for  alternate 
routes.  For  example,  we  might  have  a  production  process  represented 
by: 

75%  -  D  - v  e 

A  B  -  C  ...  6  •  -  H 


Now  75%  of  the  items  pass  through  steps  0  and  E  after  step  C, 
while  25%  of  the  items  pass  through  step  F. 

Faci lities 


The  facilities  are  the  pieces  of  equipment  used  to  perform  the 
operations  in  the  production  processes.  For  each  step  in  a  production 
process,  there  is  a  list  of  alternative  facilities  that  can  be  used  to 
perform  the  operation  of  that  step.  So  the  widget  process  above 
would  be  more  fully  described  by: 

1  2,3  4  1,3 

A  >  B  -  C  >  D 

Here  we  have  four  facilities,  labeled  1  through  4.  Step  A 
requires  the  use  of  facility  1.  Ster  B  can  be  performed  either  with 
facility  2  or  facility  3.  Step  C  requires  facility  4,  and  step  D 
requires  either  facility  1  or  facility  3.  It  is  permissible  for  one 
facility  to  bemused  in  more  than  one  step.  It  is  also  possible  to 
“mix  and  match" .  In  the  diagram  above,  for  example,  either  facility  2 
or  facility  3  can  be  used  in  step  B,  but  facility  2  cannot  be  used  in 
step  D,  even  though  facility  3  can  be  used  in  that  step.  Note  that 
when  several  facilities  are  listed  for  a  step,  they  are  assumed  to  be 
in  parallel;  that  is,  any  one  of  the  facilities  alone  will  suffice  to 
complete  the  step. 

Associated  with  each  facility  used  in  a  step  is  a  process  time. 
This  is  the  time  in  hours  required  to  complete  the  step  using  that 
facility.  A  fuller  description  of  the  process  shown  above  might  be: 
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1  (2.0) 


2  (1.5)  4  (3.0) 

3  (1.3) 


1  (1.5) 
3  (1.3) 


A 


•  B 


C 


v  0 


The  numbers  in  parentheses  are  the  process  times.  Note  that  a 
facility  used  in  several  steps  may  have  different  process  times  and 
that  a  step  with  several  facilities  may  have  different  process  times 
for  each  facility. 

For  the  purposes  of  our  model,  we  envision  each  facility  as  being 
enclosed  in  a  box  with  two  doors,  one  labeled  ''in"  and  the  other 
labeled  "out".  An  item  enters  the  box  through  the  in  door,  is  worked 
on  by  the  facility  and  exits  the  box  through  the  out  door.  Only 
those  items  that  are  being  operated  on  by  the  facility  are  in  the  box. 
Items  cannot  wait  for  service  in  the  box. 

The  box  analogy  leads  to  a  convenient  way  of  describing  the 
facilities.  Some  facilities  can  operate  on  only  one  item  at  a  time, 
but  others  can  process  items  in  batches.  So  we  envision  the  items  as 
entering  the  box  in  batches.  A  batch,  of  course,  may  consist  of  only 
one  item.  Each  facility  has  a  maximum  and  a  minimum  entry.  The 
minimum  entry  is  the  smallest  number  of  items  in  a  batch  allowed  to 
enter  the  box.  The  maximum  entry  is  the  largest  number  of  items  in  a 
batch  allowed  to  enter  the  box.  Each  facility  also  has  a  maximum 
capacity.  The  maximum  capacity  is  the  largest  number  of  items  that 
can  be  in  the  box  at  one  time;  that  is,  the  maximum  capacity  is  the 
largest  number  of  items  that  the  facility  can  handle  at  one  time. 

Let  us  also  envision  that  the  in  doors  of  each  box  have  locks  on 
them.  At  certain  times,  the  door  may  be  locked  and  then  no  batches 
can  enter  until  the  door  is  unlocked.  We  can  classify  all  facilities 
into  two  types;  locking  and  unlocking.  For  locking  facilities,  the 
door  is  automatically  locked  every  time  c  batch  enters  and  is  not 
unlocked  until  the  batch  leaves.  Locking  facilities  are,  therefore, 
those  that  can  process  only  one  batch  at  a  time.  Unlocking  facilities 
are  those  that  can  process  several  batches  simultaneously.  For 
unlocking  facilities,  the  door  Is  locked  only  when  the  entry  of  another 
batch  would  force  the  facility  above  its  maximum  capacity.  Otherwise, 
batches  meeting  the  minimum  entry  requirements  may  enter  freely. 

(A  batch  which  is  too  large  is  broken  down  into  smaller  batches  so  the 
maximum  entry  requirement  is  never  in  itself  a  bar  to  entry.  The 
maximum  entry  only  places  an  upper  bound  on  the  number  of  items 
entering  at  any  one  time.) 

A  few  illustrations  might  clarify  these  points  and  show  how  some 
situations  can  be  handled  in  terms  of  the  model. 

a.  Lathe.  A  widget  is  to  be  machined  on  a  lathe  at  some  point 
in  its  production  process.  The  lathe  can  operate  on  only  one  item  at 
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description  T*  "enter”  the  lathe  in  batches  of 

aescription  of  the  lathe  is: 


one. 


The 


Minimum  entry:  ] 

Maximum  entry:  ] 

Maximum  capacity:  1 

Locking/unlocking:  locking 

another  b^HSleyo^Pe/t^^ca^e  ^  °ne  place  t0 

M  51ihJabeUrS[eaitTJi2  WJdfts.aV"«  “™-e,Se 
3eL°Hp;?onbeo?Uthe^eftr0?r;Se;  ^"PParbaSrsL^UaPeou^^^he5 

Minimum  entry:  ] 

Maximum  entry:  1 

Maximum  capacity:  20 
Locking/unlocking:  unlocking 

S^fSssiStH -  S33» 

any  time  without  disturbing  those  already  there  In  terl  nf  thl 
model,  the  oven  may  be  described:  S  °f  the 

Minimum  entry:  8 

Maximum  entry:  10 

Maximum  capacity:  40 

Locking/unlocking:  unlocking 

&&  sin  s,,11 

at  the  dock.  Since  no  widgets  can  "enter"  the  truck  while  it  is 
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enroute,  the  truck  is  locking.  Since  the  truck  can  operate  on  no 
fewer  than  ten  widgets  at  a  time,  the  minimum  entry  is  ten.  In  model 
terms,  the  truck  may  be  described: 


Minimum  entry: 

10 

Maximum  entry: 

30 

Maximum  capacity: 

30 

Locking/unlocking: 

locking 

The  majority  of  facilities  used  at  Watervliet  Arsenal  are  like  the 
lathe  described  above:  :hey  are  locking  and  have  minimum  entry, 
maximum  entry  and  maximum  capacity  equal  to  one. 

Failure  and  Maintenance 


Some  facilities  occasionally  breakdown  or  must  be  taken  out  of 
service  for  a  scheduled  maintenance  a  tion.  The  model  at  present 
does  not  distinguish  between  planned  and  unplanned  outages.  When¬ 
ever  a  facility  is  taken  out  of  service,  the  facility  is  said  to  have 
experienced  a  "failure"  and  the  actions  necessary  to  bring  the  facility 
back  into  service  are  called  "maintenance"  or  "repair".  Note  that 
the  term  "failure"  is  used  somewhat  differently  than  it  is  normally 
used  in  reliability  theory.  In  the  model,  a  "failure"  is  any 
occasion  when  the  facility  is  taken  out  of  service,  while  in 
reliability  theory,  outages  for  scheduled  maintenance  are  not 
considered  failures. 

The  pattern  of  failure  and  maintenance  actions  is  described  by 
two  numbers:  the  mean  operating  time  to  failure  (MOTTF)  and  the  mean 
time  to  repair  (MTTR).  The  MOTTF  is  the  average  time  that  the 
facility  is  actually  in  use  between  successive  failures.  The  MTTR 
is  the  average  time  required  to  bring  the  facility  back  into  service 
after  a  failure.  The  MOTTF  is  a  measure  of  how  often  the  facility 
fails,  while  the  MTTR  is  a  measure  of  how  long  the  facility  is  out 
after  a  failure. 

In  the  model,  failure  and  maintenance  times  are  always  random. 

At  present,  provision  is  made  only  for  exponentially  distributed 
random  variables,  but  the  exponential  distribution  seems  to  give  a 
reasonable  approximation  to  real-life  breakdown  data  for  some 
Watervliet  equipment  examined  by  the  author.  In  the  computer 
implementation  of  the  model,  random  variables  are  generated  with  the 
required  means  for  both  operating  time  to  failure  and  time  to  repair. 
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The  MOTTF  and  MTTR  should  be  estimated  from  historical  data,  so 
we  will  briefly  indicate  here  how  to  estimate  these  quantities. 
Examine  the  usage  and  maintenance  data  of  the  facility  over  whatever 
time  period  such  data  are  available.  Add  up  the  number  of  hours  the 
facility  was  actually  operated;  this  is  the  total  operating  time. 

Add  up  the  total  number  of  hours  that  were  spent  maintaining  the 
facility;  this  is  the  total  repair  time.  Count  the  total  number  of 
failures.  The  estimates  of  MOTTF  and  MTTR  are  given  by: 

M  F  _  total  operating  time 

^  “  number  of  failures 

MTTR  =  total  repair  time 

number  of  failures 

Workers,  Crews  and  Shifts 


Workers  are  the  people  who  operate  and  maintain  the  facilities. 

In  the  model,  there  is  no  hard  and  fast  distinction  made  between 
operators  and  repairmen.  It  is  possible  to  specify  that  a  given 
worker  may  be  assigned  to  either  operating  or  repair. 

Workers  are  organized  into  "crews"  and  "shifts".  Each  crew  has 
the  responsibility  for  certain  tasks  and,  in  a  sense,  is  defined  by 
the  tasks  assigned  to  it.  A  task  assigned  to  a  given  crew  can  be 
performed  only  by  a  member  of  that  crew.  Conversely,  a  worker  can 
perform  only  those  tasks  assigned  to  his  crew.  Every  worker  is 
assigned  to  only  one  crew.  There  is  no  overlap  among  crews.  However, 
within  a  crew,  each  worker  is  considered  interchangeable  with  any 
other  member  of  his  crew.  In  order  words,  if  any  crew  member  is 
qualified  to  perform  task  X,  then  all  the  members  of  his  crew  are 
qualified  to  perform  task  X. 

Some  facilities  (e.g.,  automated  machines)  do  not  require 
operators.  Some  facilities  may  require  more  than  one  operator.  Both 
of  these  situations  are  accepted  by  the  model.  Each  facility  that 
requires  operators  must  be  assigned  an  operator  crc-w.  This  is  the 
crew  that  operates  the  facility.  Each  facility  that  can  fail  must  be 
assigned  a  repair  crew.  This  is  the  crew  that  has  responsibility  for 
maintaining  the  facility.  It  is  permissible  for  one  crew  to  be 
responsible  for  both  operating  and  maintaining  the  facility.  It  is 
permissible  to  specify  that  a  facility  requires  no  repairmen  or  more 
than  one  repairman  for  a  maintenance  action.  Note  also  that  there  is 
an  implicit  assumption  that  each  facility  can  be  operated  by  members 
of  only  one  crew  and  similarly  for  maintenance. 

The  crew  concept  is  a  way  of  modeling  the  division  of  workers  by 
skill  and  location.  The  shifts  model  the  behavior  of  workers  over 
time.  Normally  there  are  three  shifts,  although  the  model  makes  no 
assumptions  about  the  number  of  shifts.  There  are  special  actions  that 
occur  at  a  shift  change  that  will  be  discussed  below. 
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Queues 


The  last  major  element  of  the  model  are  the  queues.  There  is  one 
queue  for  each  stc-p  in  each  production  process.  The  queue  is  a 
holding  area  for  items  waiting  to  be  serviced  by  a  facility  specified 
for  that  step.  The  queues  are  assumed  in  the  model  to  be  as  large 
as  they  need  to  be.  More  will  be  said  of  queues  below. 

The  Movement  of  Items 


The  totality  of  facilities,  steps,  workers  and  queues  will  be 
called  the  "system".  In  a  sense,  a  manufacturing  plant  is  like  an 
obstacle  course.  The  items  must  move  through  the  plant  in  the  least 
amount  of  time  possible  but  they  must  follow  certain  courses. 

Obstacles  are  continually  placed  in  the  way:  a  machine  goes  down,  or 
there  are  not  enough  workers  to  handle  all  the  items. 

The  raw  items  enter  the  system  at  a  predefined  rate  (for  example, 
50  widgets  and  25  gadgets  per  day).  Each  raw  item  is  assigned  to  a 
production  process,  which  is  essentially  a  road  map  telling  how  the 
item  is  to  move  through  the  system.  For  each  step  there  is  a  list 
of  facilities;  the  item  has  the  option  of  "visiting"  any  one  of  these 
facilities.  It  stays  at  the  facility  a  certain  length  of  time  (the 
process  time)  and  then  moves  on  to  the  next  step,  until  finally  the 
item  has  completed  all  steps  and  exits  the  system. 

It  is  quite  possible  that  as  the  items  move  through  the  system, 
there  are  conflicts  on  the  resources  of  the  system.  For  example, 
there  may  be  several  items  that  could  all  be  serviced  by  the  same 
facility  but  not  simultaneously.  A  rule  is  needed  for  deciding 
which  items  are  to  be  serviced  first.' 

Each  item  type  is  assigned  a  priority.  For  example,  we  may 
give  widgets  first  prior'/  and  gadgets  second  priority.  The  model 
allows  for  different  types  to  have  the  same  priority,  if  desired. 

There  are  two  rules  for  scheduling  service: 

(1)  Higher  priority  items  are  serviced  before  lower  priority  items 
if  possible. 

(2)  If  there  is  a  conflict  between  items  of  the  same  priority, 
then  the  one  that  has  been  waiting  the  longest  for  service  gets  it 
first,  if  possible. 

As  an  illustration,  consider  the  following  situation:  widgets 
and  gadgets  are  moving  through  the  system.  At  step  Y,  widgets  must 
be  operated  on  by  Facility  X.  At  step  Z,  gadgets  must  be  operated  on 
by  Facility  X.  Facility  X  can  operate  on  only  one  item  at  a  time  and 
both  widgets  and  gadgets  have  a  process  time  of  one  half  hour  on 
Facility  X.  Facility  X  is  the  only  facility  listed  for  these  steps 
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and  is  listed  for  no  other  steps.  Widgets  have  higher  priority  than 
gadgets.  We  assuine  for  the  moment  that  there  are  sufficient  workers 
in  Facility  X's  operator  crew  that  there  is  always  an  operator 
available  when  Facility  X  needs  one. 

Let  us  start  observing  Facility  X  at  9:00.  There  are  one  widget 
and  five  gadgets  waiting  for  Facility  X.  Facility  X  has  just  completed 
operation  on  an  item  and  is  ready  to  accept  another  item.  There  are 
six  items  from  which  Facility  X  could  choose.  It  selects  the  one  of 
highest  priority,  the  widget,  and  begins  work  on  the  widget.  At  9:15, 
a  widget  arrives  from  another  step.  The  widget  cannot  "enter" 

Facility  X  (it  is  locked)  and  there  are  no  alternatives.  The  widget 
then  enters  the  queue  for  Step  Y  and  waits  there.  At  9:25,  a  gadget 
arrives.  There  are  already  gadgets  in  the  queue  for  Step  Z  and  so 
the  new  gadget  is  put  into  the  queue  behind  the  five  already  there. 

At  9:30,  Facility  X  is  done  with  the  widget.  The  widget  leaves 
Facility  X  and  goes  on  to  its  next  step.  Facility  X  now  looks  around 
for  more  work.  There  are  seven  possible  items  that  it  could  work  on. 

It  selects  the  one  of  highest  priority,  the  widget,  and  begins  work 
on  it.  Nothing  more  happens  until  10:00  when  Facility  X  is  done  with 
the  widget.  Again  it  looks  for  more  work.-  There  are  six  gadgets 
waiting.  All  have  the  same  priority,  so  Facility  X  selects  the  one 
that  has  been  waiting  the  longest  and  begins  work  on  it. 

The  scheduling  can  be  affected  by  Facility  X  failing.  If  a 
facility  fails,  it  cannot  operate  on  any  items  until  it  is  restored  to 
service. 

Furthermore,  as  seen  later,  Facility  X  may  lose  its  operators  if 
its  operator  crew  has  higher  priority  jobs  elsewhere.  In  that  case, 
all  items  desiring  Facility  X  must  either  wait  until  Facility  X's 
operator  crew  has  completed  all  higher  priority  jobs  or  else  find  an 
alternative. 

The  Shift  Change 


At  shift  change,  all  the  workers  leave  (with  the  One  exception 
noted  below)  and  a  new  set  of  workers  arrives.  These  new  workers 
must  be  assigned  jobs  and  the  assignment  requires  some  rules,  for 
there  may  not  be  enough  workers  to  do  all  the  jobs  that  require  doing. 

Before  going  into  how  the  workers  are  assigned,  let  us  describe 
what  happens  to  the  jobs  in  process  at  shift  change.  Jobs  are  divided 
into  two  categories:  continuous  and  halting.  Halting  jobs  are  those 
that  can  be  stopped  at  any  time  and  then  be  resumed  later  after 
possibly  some  delay.  Continuous  jobs  are  those  that,  once  started, 
must  be  completed  with  no  interruption. 

At  shift  change,  all  halting  jobs  are  halted.  If  the  job  is  an 
operation,  then  the  items  on  the  halted  facility  remain  in  the 
facility  and  are  not  returned  to  queue. 
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When  a  halted  job  is  resumed,  it  is  taken  up  from  the  point 
where  the  ha  t  occurred.  For  example,  if  a  job  Requires  one  man- 
u  to  complete,  then  exactly  one  man-hour  will  be  expended  on  that 
job,  regardless  of  how  often  the  job  is  halted  and  resumed 

Continuous  jobs  by  their  nature  cannot  be  stopped.  So  the  first 

riV  h  6  incom1?9  shift  is  t0  relieve  all  workers  on  continuous 
jobs.  If  there  are  not  enough  workers  to  do  this,  then  as  many 

*'°^s  as  required  from  the  outgoing  shift  are  detained  so  that  all 

f  +h6  con^nu°us  Jobs  are  covered.  The  detained  workers  are  released 
at  the  earliest  opportunity.  iea 

Any  workers  remaining  after  continuous  jobs  have  been  covered  are 
assigned  to  jobs  in  the  following  order:  are 

(1)  Finishing  halted  maintenance  jobs. 

(2)  Finishing  halted  operating  jobs. 

(3)  Beginning  new  maintenance  jobs. 

(4)  Beginning  new  operating  jobs. 

hx  .  At  tjmes>  the  usual  priority  rules  are  followed:  items  of 
higher  priority  are  serviced  before  items  of  lower  priority,  whenever 

waiti^6thpni  am°n?  ltem  of.the  same  Priority,  those  which  have  been 
waiting  the  longest  for  service  are  serviced  first,  whenever  possible 
Workers  and  facilities  are  always  kept  as  busy  as  possible  P 

Assignment  of  Workers  During  Shift 

*___  !5“»  J°VS  comPleted,  the  worker (s)  on  that  job  are  released 
J°b.al^d  ar?  assigned  to  a  new,  possibly  different  job.  The 
priority  of  job  assignment  during  shift  is  the  same  as  that  at  shift 
change,  except  that  during  shift  continuous  jobs  are  treated  no 
differently  than  halting  ones. 

Computer  Implementation 

The  computer  program  PRDLN  has  been  developed  to  exercise  the 
model  for  a  real  or  planned  production  line.  Input  data  to  the 
program. con sists  of  descriptions  of  the  production  processes, 
facilities  and  workers.  Output  from  the  program  includes  production 
figures,  facility  and  worker  usage,  and  queue  data  to  identify 
bottlenecks  in  the  system.  Preparation  of  the  input  data  is 

given'is'  Appendi^B^  A'  ^  eX3mPle  a"d  explanation  of  the  outPub  is 
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Conclusion 

satlsfactwy^sult^oiw-eal-llfe'dat^froro^WatervlIet^Arsenal'! 

model  was  able  to  identify  problem  areas  correctly,  and  o  give 
reasonable  predictions  for  production  figures. 

One  practical  limitation  of  the  model  is  that  for  a  large 

r4f"r’,  MMS-  ra1l«de,  cell 

achieve  results  consonant  with  real  life  situations. 


10 


APPENDIX  A 


INPUT  DATA  FOR  PRDLN 


General 

The  input  data  for  program  PRDLN  are  normally  placed  on  standard 
punched  cards.  The  cards  are  arranged  physically  into  files,  each  of 
which  will  be  described  in  detail  below. 

As  PRDLN  is  written  in  the  FORTRAN  language,  standard  FORTRAN 
input  concepts  are  used.  For  those  unfamiliar  with  such  concepts,  we 
will  give  here  a  brief  sunmary  of  the  information  needed  for  PRDLN 
input  data. 

A  field  is  a  set  of  contiguous  card  columns  where  a  piece  of  data 
is  punched.  PRDLN  uses  three  types  of  data  fields:  literal,  integer 
and  real. 

In  a  literal  field,  any  valid  characters,  including  numbers, 
letters,  punctuation  signs  and  blanks,  may  appear  in  any  order.  The 
order  in  which  the  characters  appear  is  significant,  as  is  the  place¬ 
ment  of  the  characters  in  the  field.  If  the  program  is  to  recognize 
two  literal  fields  as  being  identical,  they  must  be  completely 
identical.  For  example,  (the  symbol  b  represents  a  blank)  the  computer 
will  not  recognize  bYES  and  YESb  as  being  identical,  even  though  both 
fields  appear  to  contain  only  the  word  "yes".  The  difference  is  that 
in  the  first  field,  the  blank  precedes  the  word,  whereas  in  the  second 
field,  the  blank  follows  the  word. 

Integer  fields,  as  the  name  implies,  are  used  for  integer  data. 

One  number  is  read  in  from  each  integer  field.  Only  numerics 
(0,  1,  2,  3,  etc.),  blanks  and  plus  and  minus  signs  (+  and  -)  may 

appear  in  an  integer  field.  A  plus  sign  is  never  required,  as  an 

unsigned  non-zero  number  will  always  be  assumed  to  be  positive.  If 
a  plus  or  minus  does  appear  in  the  field,  it  must  appear  to  the  left 

of  any  numerics,  and  there  may  be  no  more  than  one  sign  per  field. 

FORTRAN  automatically  replaces  all  blanks  in  an  integer  field  by 
zeroes.  So  the  placement  of  the  characters  in  the  field  is  significant. 
Anumber  in  an  integer  field  should  always  be  right-justified  in  the 
field.  For  example,  the  field  b2bb  will  be  converted  on  input  into 
0200,  and  interpreted  by  the  computer  as  the  number  "two  hundred". 

If  the  user  intended  the  number  "two",  then  he  should  have  written  it 
as  bbb2  or  0002. 
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Real  fields  are  used  for  numbers  that  may  have  fractional  parts. 
One  number  is  read  from  each  real  field.  Data  in  a  real  field  may  be 
written  in  three  different  ways.  First,  if  the  number  is  an  integer, 
then  it  may  be  written  the  same  as  in  an  integer  field,  with  all  the 
rules  of  integer  fields  applying.  Second,  the  number  may  be  written 
as  a  decimal.  In  this  format,  only  numerics,  blanks,  a  plus  or  minus 
sign  and  a  decimal  point  may  apoear.  As  in  integer  fields,  the  plus 
sign  is  not  required,  there  may  be  no  more  than  one  sign  per  field  and 
the  sign  (if  any)  must  appear  to  the  left  of  the  numerics  and  decimal 
point.  There  must  be  one  and  only  one  decimal  point  per  field,  which 
may  appear  anywhere  in  the  field  (except  to  the  left  of  a  plus  or 
minus  sign)  as  convenient.  Digits  to  the  left  or  right  of  the  decimal 
point  are  not  required.  As  with  integer  data,  blanks  are  replaced  by 
zeroes.  For  example,  the  number  .2  may  be  written  in  a  four  column 
real  field  in  any  of  the  following  ways  (the  symbol  b  represents  a 
blank):  .2bb,  b.2b,  0.2b,  b.20,  bb.2.  flote,  however,  the  field  b.b2 
is  converted  on  input  to  0.02,  and  so  is  interpreted  by  the  computer 
as  " . 02“  and  not  as  " .2" . 

The  third  method  for  writing  data  in  a  real  field,  the  "E  format", 
will  not  be  discussed  here.  The  two  methods  given  should  suffice  for 
the  vast  majority  of  real  data  encountered  in  practice. 

Defaults 


Many  of  the  data  items  have  default  values.  The  default  value  is 
assumed  whenever  a  field  is  left  blank  or  a  non-literal  field  contains 
the  number  zero.  The  default  value  is  generally  the  one  must  often 
encountered  in  practice.  Defaults  are  provided  to  reduce  the  amount 
of  coding  and  punching  required. 

Error  Checking 

The  input  routines  will  go  through  the  input  data  and  check  them 
for  internal  consistency  and  completeness.  Further,  there  are  limits 
to  the  number  of  data  items  that  the  program  can  handle,  and  any 
attempt  to  go  beyond  those  . Imits  will  be  blocked  Ly  the  program. 

Upon  detection  of  an  error,  the  program  will  print  a  message  to 
the  user  describing  the  error.  Tf  any  errors  are  detected,  the 
program  will  automatically  stop  after  reading  and  checking  the  input 
data. 

SYS IN  File 


The  SYSIN  file  contains  general  system  information  and  infor¬ 
mation  concerning  the  shifts.  The  file  consists  of:  a  title  card; 
two  time  cards;  and  shift  cards,  one  for  each  shift. 
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(1 )  Title  Card: 

This  card  contains  a  line  which  is  printed  on  the  top  of  each 
page  of  output.  All  eighty  columns  are  used  and  the  field  is  literal 
Default  is  80  blanks. 

(2)  First  Time  Card: 


Tnis  card  contains  one  integer  field  in  columns  1  through  4; 
the  rest  of  the  card  is  ignored.  The  field  contains  the  number  of 
days  in  one  month.  Default  is  20. 

(3)  Second  Time  Card: 


This  card  contains  four  integer  fields  as  follows: 


(a)  Columns  1  through  4. 
simulation  output  is  to  be  based. 


The  number  of  months  on  which  the 
Default  is  1. 


(b)  Col 
up"  phase  of  the 
system  and  so  it 
condition.  The 
specified  in  the 
system  at  the  end 
as  the  number  of 
do  not  appear  in 


umns  5  through  8.  The  number  of  months  in  the  "warm- 
program.  The  simulation  starts  with  no  items  in  the 
requires  a  "warm-up"  period  to  get  to  a  steady-state 
warm-up”  months  are  in  addition  to  the  months 
first  field  of  the  card.  Only  the  state  of  the 
of  the  'warm-up"  period  is  preserved.  Results  such 
items  produced  during  "warm-up"  are  discarded  and 
the  output  listings. 


Columns  9  through  12.  The  total  item  storage  capacity. 
This  number  is  the  maximum  number  of  items  (of  all  and  any  type)  that 
can  be  in  the  system  at  one  time.  Default  is  500.  Specifying  a  total 
item  storage  capacity  of  more  than  500  is  an  error 


(d)  Columns  13  through  16.  Random  generator  start-up.  Th-i 
number  in  this  column  determines  the  starting  point  of  the  random- 
number  generator  of  the  program.  Default  is  zero. 

(4)  Shift  Cards: 


There  must  be  at  least  one  shift  card.  Each  card  has  the 
same  format : 


(a)  Columns  1  through  8.  A  literal 
name  of  the  shift.  Default  is  8  blanks. 


field  containing  the 


(b)  Columns  9  through  16.  A  real  field  containing  the 
number  of  hours  in  the  shift.  There  is  no  default.  Specification 
of  zero  or  a  negative  number  of  hours  Is  an  error. 
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(c)  Rest  of  card:  Not  read. 

S ’Si,  s»  ~  s,;n:,s  s'~ 

Crew  File 

literal!1  Default  IsTblaUks '  Jhe.name  of  the  crew-  The  field  is 
use  of  the  same  name  on  two  crew  cards^s  Horror?  ^  UniqU6'  The 

as.  saw.  rsra.'«  s  „ 

sxK’SS™3 » 

t-hiVH  c(J]i°!TS  through  20.  The  number  of  crew  members  in  thp 

fl.B  ?sh'"t^frany)  1,Sted  in  the  «**  f<’*-  DefaXule™.'^ 

(5)  Rest  of  card:  Not  read. 

Facility  File 

This  file  consists  of  one  card  for  parh  farin+i/  tl 
be  at  least  one  facility  card.  The  cards  ha5e  the  foil  owInTfoS: 

is  t-r?ugh  8-  facility  serial  number.  The  field 

ic?eJtSbleiSe1gterA#B2’Sz*C<?m^na"^  ^^act^s'aJd"^6^  if"'6 

sr_ 

This  field  i<  innn^rf  exactly  as  it  appears  on  the  crew  card, 
be low)  othe?w  se  a  i llJ3*1™"*  requires  no  operators  (see 
is  no  default  name  muSt  appear  in  this  field.  There 
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b 


(4)  Columns  33  through  40.  Maintenance  crew.  This  field, 
which  is  literal,  contains  the  name  of  the  maintenance  crew  of  the 
facility.  This  field  Is  ignored  if  the  facility  never  fails  or  i 
the  facility  does  not  require  repairmen;  otherwise  a  valid  crew  name 
must  appear  in  this  field.  There  is  no  default. 

(5)  Columns  41  through  48.  The  mean  operating  time  to  failure 
(MOTTF)  of  the  facility  in  hours.  This  is  a  real  field.  A  blank, 
zero  or  negative  number  in  this  field  indicates  that  the  facility 
never  fails. 

(6)  Columns  49  through  56.  The  mean  timejto  repair  (MTTR)  of 
the  facility  in  hours.  This  is  a  real  field,  this  field  is  ignored 
if  the  facility  never  fails.  Default  is  zero. 

(7)  Columns  57  through  60.  Minimum  entry  of  the  facility.  This 
is  an  integer  field.  Default  is  one. 

(8)  Columns  61  through  64.  Maximum  entry  of  the  facility.  This 
is  an  integer  field.  Default  is  to  set  the  maximum  entry  equal  to  the 
minimum  entry.  If  the  number  in  this  field  is  less  than  the  minimum 
entry,  then  the  maximum  entry  is  automatically  set  equal  to  the 
minimum  entry. 

(9)  Columns  65  through  68.  The  maximum  capacity  of  the  facility. 
This  is  an  integer  field.  Default  is  to  set  the  maximum  capacity  equal 
to  the  maximum  entry.  If  the  number  in  this  field  is  less  than  -he 
maximum  entry,  then  the  maximum  capacity  is  automatically  set  equal 

to  the  maximum  entry. 

(10)  Columns  69  through  72.  The  number  of  operators  required 
to  operate  the  facility.  This  is  an  integer  field.  Default  is  one. 

A  zero  value  In  this  field  is  automatically  changed  to  one.  To 
specify  that  no  operators  are  required,  a  negative  number  (any 
negative  number  will  do'  must  appear  in  this  field.  Conversely,  a 
negative  number  in  this  field  is  automatically  changed  to  zero. 

(11)  Column  73.  Locking  or  unlocking.  This  is  a  literal  field. 
Any  non-blank  character  in  this  field  indicates  that  the  facility  Is 
unlocking.  A  blank  indicates  locking.  Default  is  locking. 

(12)  Column  74.  Disposition  at  shift  change  for  operation. 

This  is  a  literal  field.  Any  non-blank  character  indicates 
continuous  disposition.  A  blank  indicates  halt  disposition.  Deiault 
is  halt.  A  facility  requiring  no  operators  is  automatically  made 
continuous  disposition  regardless  of  the  contents  of  this  field. 


(13)  Columns  75  through  78.  Number  of  repairmen  required  to 
repair  the  facility.  This  is  an  Integer  field.  This  f leld  is 
ignored  if  the  facility  never  fails.  Otherwise,  the  default  is  one. 
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specify'that  no"  r^VmenVe  ^ed'TL' t0  °"e-  To 
in  this  field.  quired,  a  negative  number  must  appear 

This  is  a  literal"  field?1  ^ny^on-blank^h1  ChrSe  for  maintenance. 
Indicates  halt  disposition V blwk  ?nH?Ja?lCter  ifi  this 
Default  is  halt  disposition.  A  facility  i hirh  cortln^cus  disposition, 
requires  no  repairmen  is  automation,-  Ir1  h  never  fails  or  which 
regardless  of  the  contents  of  this  field  6  COntl'nuous  deposition, 


(15)  Column  80:  Not  read. 


f?  theTsamerorderntn^wh1ch^theafac11Uie$daDDe^ear  Vhe  f,,e  »<" 

listings.  Otherwise  the  order  is  nM  sig„?fP5t°n  ^  °“tp''t 
Process  Filp 

type.  There  must  be  at  TeastTone  process**???™"  fu°Cess  of  an  item 
c piJSUVJi  be  described°bek!w 

before  lower  priorities.  The  first  card  2f  p!'10r1tl‘es  a>’e  read 
type  name  card,  whose  format  is:  °  f  each  process  file  is  a 

field.  0U:]T"l  l  Kf  »»"*•  This  is  ,  literal 

unique,  but  should  be.  '  Jt  type  names  are  not  required  to  be 

(2)  Columns  9  throuoh  l?  tu.  . 

this  type.  The  field  is  integer  ^efauftT  ^torage  caPacity  for 
storage  capacity  for  the  type  eLl  to  lit!?  f?4  the  maxi'm™ 
capacity.  4uai  t0  the  total  item  storage 

(3)  Column  13.  Priority  • 

field  is  ignored  in  the  first  Process f]L\  hJera1  fl'eld-  This 
assumed  to  be  the  process  fileP£f  an  Jil %,t0  be/e?d  in*  which  is 
On  subsequent  process  files  this  fipid^  5^Pe  °f  hlghest  Priority, 
type  is  to  have  the  same  or’loler  PHo?i  "v  ;hat^Whether  the  ^ 
type  A  blank  in  this  field  Indicates  t£  than  th®  previ'ous  item 
blank  character  indicates  lower  priority?  Same  pnonty;  any  non- 

(4)  Rest  of  card:  Not  read. 

The  name  card  is  follnwpd  Kn  •.-+ 

how  raw  items  are  to  be  introduced  lnto~JK  Crds>  Which  indicate 
at  least  one  item-input  card  in  each  process  fill?’  Th6re  muSt  be 
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.  £acb  item-input  is  specified  by  four  numbers  -  the  number  of 

ijnut  mb%nHPth  Nl’  t-e  tirne  between  inPuts  CT),  the  time  to  first 
input  (F),  and  the  step  in  the  production  process  at  which  the  Items 

are  to  be  input.  T  and  F  are  both  in  hours.  At  F  hours  after  the 
start  of  the  simulation,  N  items  are  introduced  into  the  system  at 
the  specified  step.  Thereafter  at  intervals  of  T  hours,  N  Items  are 
introduced.  So  the  first  input  of  N  Items  Is  made  at  F  hours,  the 
second  input  at  F  +  T  hours,  the  third  input  at  F  +  2T  hours,  etc 
in  actuality,  N  items  may  not  be  introduced  at  each  input  time.  The 

1,J?SrpHPaC1t1e1SHar?1neVe[  violated-  °nly  as  many  Items  are 
introduced  as  would  allow  the  system  to  stay  within  the  storaqe 

i°r  \f  there  are  280  Items  in  the  system  at  an 

input  time,  the  number  of  items  to  be  input  is  30  and  the  total  item 
storage  capacity  is  300,  then  at  most  20  Items  are  input.  If  the 

ti^enVhS  at  its  total  item  storage  capacity)  at  an  input 

time,  then  no  items  are  input.  H 

The  item-input  cards  have  the  following  format: 

.  ..  p)  Oolumn  1.  This  is  a  literal  field.  A  blank  in  Column  1 
indicates  that  another  item-input  card  follows;  any  non-blank 
character  indicates  that  no  more  Item-input  cards  follow. 

.  Columns  3  through  5.  The  number  of  items  (N).  This  is 

an  integer  field.  Default  is  to  set  the  number  of  items  equal  to 
the  maximum  storage  capacity  for  the  type. 

(3)  Columns  6  through  13.  The  time  between  inputs  (T)  in 
hours.  This  is  a  real  field.  Default  is  to  set  the  time  between 
inputs  equal  to  the  number  of  hours  in  one  day. 

,  k  ^  Columns  14  through  21.  The  time  of  the  first  input  (F) 
in  hours.  This  is  a  real  field.  Zero  is  the  default.  A  negative 
number  in  this  field  is  changed  to  zero.  9 

..  k  [V  .C°^umns  22  through  25.  The  step  number  of  the  step  at 
the,  n^ms  are be  input.  For  an  explanation  of  the  term 
th^process^f ’lS6e  ^e^ow*  ^efaiJlt  Is  the  first  step  to  appear  in 


(6)  Rest  of  card:  Not  read. 

.  _  Th®  °f  the  processfile  consists  of  step  packets.  Each 
step  packet  describes  a  step  in  the  production  process.  There  must 
be  at  least  one  step  packet  in  each  process  file. 


The  step  packet  consists  of  one  step  card  followed  by  as  many 
step-facility  cards  as  required.  Each  step  packet  must  contain  at 
least  one  step-facility  card.  The  step  card  identifies  and 

the  j1"®13’  ^The  steP~facility  cards  provide  a  list  of  the 
facilities  used  in  the  step  and  give  Instructions  on  process  times, 
next  stepSy  etc* 


be  used in  S  SfnaSS?u1ated  w1th  n  a  11st  of  facilities  that  may 
SftM  Jhe  r°g:a!11  or95n'f2es  this  Information  as 

0!5?J:J S^]nr  ca"b1"at1ons"-  A  step-facility  combination  Is  an 

step  Wlth^arh^stpr^f6  ?■«•*  a  Stf?  and  y  a  ‘^ac’* H ty  used  In  that 
pieces  of  data:h  Step_fac11lt^  combination  there  are  associated  four 

no„,  A  P^cess  time.  This  is  the  length  of  time  required  to 

perform  step  x  using  facility  y.  MU  rf-a  to 

routed next  step.  This  is  the  step  to  which  items  are  normally 
routed  _a_fter  completing  step  x  using  facility  y.  y 

".nluP|.  A  probability  of  splitting.  The  user  may,  if  desired, 

1?21  ui?ihe  T  1eav1ng  fac11tty  y  0n  completion  of  step  x  Some 
Tho  n  L??+thexneXf-Step’  and  other  1tenis  w111  50  a  “split  steo" 
the  spl1tbstepy  °f  Sp1lttlng  is  the  Proportion  of  Items  that  go  to  ‘ 

(4)  A  split  step. 

™ese  f°uJ  Pieces  of  data  win  be  called  the  step-facility 
attributes.  It  should  be  emphasized  that  the  step-facility  attributes 

step  faculty  combination  and  n«  c^the  siep 

farllitS  rnih! per  s5‘  A  Step  may  have  several  distinct  step- 
IttrihM*.  conbJnatlons  and  each  combination  may  have  different 
atbr1b^s’  For  example,  step  x  using  facility  y  may  require  one 

a  Lin  Vs  ^dYS1ng  lty  2  may  require  two  hours.  Similarly, 

eacS  cJllaHon  P$  h*Ve  d,fferent  attr,butes  f°' 

attrih!t«cS^  carh  ldei?bifl'es  the  step  and  defines  the  default 
r  e  ,r  ,!aCh  °I  the  steP'facility  combinations  of  that  step. 

If!  !l!P“f  S1  Uy  Card!  pr°v1de  a  listing  of  the  facilities  used  in 
ffP  and  may  contain  Information  about  the  attributes  that  over- 
rides  the  default  attributes.  In  addition  to  the  default  attributes 

5e°r!u  ?l  ",f  V?P,rd  (the  exp"c,t  Se  a“  sys^ 

defaults  built  into  the  pr^ram.  So  the  step-facility  attributes  have 

KftllS  on  Ste  S5i:^,eh  be  P'erHde"  *  bbp  “«r-s 
attri^sH^br,r^ 

steS  JJrdPr°TfathCheC4S  t0  see.1f  there  is  an  explicit  defaul/on  the 
step  card.  If  there  Is  no  explicit  default,  then  the  system  default 

whtrhes’  ^hries  on  the  step-facility  cards  override  explicit  defaults 
“  P-Ir  da  lefaults.  The  explicit  defaults  are  provided  o 

°“?t  of  f°d'n9  (and  potential  for  error).  A  step  with  20 
facilities  requires  20  step-facility  cards.  If  these  all  have  the 

step  caJd!bUteS’  then  the  attributes  need  be  coded  only  once,  on  the 


For  each  production  process,  two  special  steps  are  automatically 
created,  an  EXIT  step  and  a  SCRAP  step.  Both  of  these  steps  cause  an 
Item  to  leave  the  system.  Items  passing  through  the  EXIT  step  are 
added  to  the  production  figures,  while  Items  passing  through  the  SCRAP 
step  are  not  added  to  the  production  figures.  The  EXIT  and  SCRAP 
steps  are  created  programmatically  and  require  no  facilities.  The 
user  should  not  attempt  to  define  his  own  EXIT  or  SCRAP  steps.  The 
EXIT  step  may  be  specified  as  a  next  step  and  the  SCRAP  step  nay  be 
specified  as  a  split  step. 

System  defaults  for  the  step-facility  attributes  are: 

(1)  Process  time.  There  is  no  default. 

(2)  Next  step.  The  step  physically  following  in  the  process 
file,  If  there  Is  one.  Otherwise,  default  Is  the  EXIT  step. 

(3)  Probability  of  splitting.  Default  is  zero, 

(4)  Split  step.  Default  Is  the  SCRAP  step. 

The  format  of  the  step  card  is: 

(1)  Columns  1  through  4.  Step  number.  This  Is  a  literal 
field.  Although  the  term  "step  number"  Is  used,  the  "step  number" 
need  not  be  numeric.  It  can  consist  of  any  combination  of  blanks  and 
any  characters.  For  example  A?5*  Is  an  acceptable  "step  number". 

Step  numbers  are  not  required  to  be  unique,  although  two  Identical 
step  numbers  In  the  same  process  file  can  cause  unpredictable  results. 
However,  there  are  no  complications  caused  by  using  the  same  step 
number  In  different  process  files.  EXIT  and  SCRAP  should  not  be  used 
as  step  numbers  and  the  step  number  should  contain  at  least  one  non¬ 
blank  character. 

(2)  Columns  5  through  20.  Step  name.  This  Is  a  literal  field. 
This  field  Is  provided  purely  for  the  convenience  of  the  user  In 
interpreting  the  output  listings  and  Is  not  checked  by  the  program. 

(3)  Columns  21  through  28.  Explicit  default  process  time  in 
hours.  This  Is  a  real  field.  Remember  that  there  Is  no  system 
default  for  process  time,  so  If  this  field  Is  left  blank,  then  there 
must  be  a  process  time  on  each  step-facility  card  in  the  step  packet. 

(4)  Columns  29  through  32.  Explicit  default  next  step.  This 
Is  a  literal  field.  The  word  EXIT  should  be  coded  here  If  the  EXIT 
step  is  desired.  Any  entry  In  this  field,  other  than  the  word  EXIT 
or  four  blanks  to  indicate  system  default,  must  be  the  step  number  of 
a  step  appearing  In  the  same  process  file  as  the  step  card. 
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sdI  1  ttlno  C?Mcn •  33  thr?^  36.  Explicit  default  probability  Of 

r’SHaSS'--' 

stephca?5eP  "”ber  °f  *  !‘eP  •*.  ?£  process  fili  aTL 

(7)  Remainder  of  card.  Hot  read  by  the  program. 

expiicfrJefaJnlt^tdaf^se3;?  f0r  •*«  the 

r^xSiiS5l“»rs 

bss  £S*S?“  ’ 

•  literal  fW^tt  nTKoH.  T Tt  ^"^0  Voe^?!/  ™?  !* 

number  not  listed  in  the  facility  file.  t0  p  c1fy  a  Serial 

real  fieiH  C°!Unm  1C\throu9h  17.  Process  time  in  hours.  This  is  a 
_  1  f 1eld-  Process  times,  whether  defined  explicitly  or  bv  default 
must  be  positive.  A  zero  value  in  this  field  causes  defaun  ’ 

the  exp^iclt^efault^nex^step^apply^ere^6 7^'  Comments  aPply1"9  to 

(5)  Columns  22  through  25.  Probability  of  cnHfHn„  Tu  • 

(6)  Columns  26  through  29.  SdI i t  sten  Thic  ^  ,  ua. 

field.  The  contpnt^  r\f  fh-fc  ^  ^ *  This  Is  d  llterdl 

splitttnq  is  zero  1  rffthi^rnDld/real9!]ored  if  the  Probability  of 

(7)  Remainder  of  card.  Not  read. 
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The  order  of  the  step  packets  determines  the  defaults  of  the 
next-step  attribute,  and  also  the  order  of  the  steps  In  the  output 
ltstlngs.  The  step  numbers  need  not  have  any  relation  to  the  order 
In  which  the  steps  are  executed.  For  example,  step  number  0081  may 
occur  before  step  number  0080,  If  the  user  so  specifies. 

Each  process  file  must  be  self-contained.  It  is  not  permissible, 
for  example,  for  a  step-facility  combination  in  one  process  file  to 
refer  to  a  step  in  another  process  file. 

Arrangement  of  the  Input  Files 

The  input  files  are  placed  behind  the  source  and/or  object  cards 
of  the  program  and  their  associated  control  cards.  In  FORTRAN,  data 
files  are  given  special  names,  which  are  of  the  form  FTnnFOOl .  nn 
represents  a  two-digit  number,  called  the  file  number.  The  file 
number  is  used  by  the  program  to  identify  the  file.  At  most  instal¬ 
lations,  including  the  Benet  Weapons  Lab  computer,  data  file  number  05 
also  has  the  name  SYSIN. 

The  input  files  for  PRDLN  have  the  following  file  numbers: 

05  SYSIN  file 

08  Crew  file 

09  Facility  file 

10  Process  file  for  the  first  process  file 

11  Process  file  for  the  second  process  file  (if  any);  etc. 

The  file  numb  for  the  process  files  begin  at  10,  and  continue 
on  as  required.  The  process  files  must  be  numbered  in  order  of 
priority  of  the  item  types.  Thus,  file  number  10  is  assumed  to  be  the 
process  file  of  an  item  type  of  highest  priority.  Process  'lie 
number  n  must  have  th-  same  or  lower  priority  than  process  file  number 
n  -  1. 


The  user  must  also  specify  one  "DUMMY"  process  file.  This  is 
an  empty  file  labeled  "DUMMY"  and  tells  the  program  that  there  are  no 
more  process  files. 
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Shown  below  is  a  possible  arrangement  of  input  files  for  a  run 
with  two  process  files: 

(Job  control  cards,  program  cards  and  link-editor  control  cards) 
/ / G0. FT08F001  DD  * 

(Crew  cards) 

//G0.FTO9FOO1  DD  * 

(Facility  cards) 

//G0.FT1OFOO1  DD  * 

(Higher  priority  process  file) 

//G0.FT1 1F001  DD  * 

(Second  process  file) 

//G0.FT12FOO1  DD  DUMMY 
//G0.SYSIN  DD  * 

(SYSIN  file) 

/* 


Note  that  file  12  is  a  dummy  file,  indicating  there  are  only 
two  Process  files.  If  there  are  n  process  files,  then  file  10+n 
should  be  declared  a  dummy  file. 

System  Limitations 


The  following  are  the  maximum  values  allowed 
version  of  PRDLN  for  various  parameters: 


for  the  current 


number  of  months 

60 

number  of  shifts 

3 

total  Item  storage  capacity 

500 

hours  per  shift 

no  limit 

days  per  month 

no  1 imit 

number  of  crews 

10 
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number  of  workers  per  crew  per  shift 
number  of  facilities 


no  limit 


100 


number  of  steps* 


150 


number  of  step-facility  combinations* 
number  of  item  types 


600 


5 


number  of  item  inputs* 


10 


*totalled  over  all  production  processes. 

Any  attempt  to  go  over  the  system  limitations  will  cause  the 
program  to  produce  error  messages  and  stop. 

Example  of  Input  Data 

Table  A6  is  an  illustration  of  a  possible  input  data  deck.  A 
brief  description  of  some  features  of  the  deck  will  be  given  below. 

The  crew  file  follows  the  G0.FT08F001  statement.  There  are 
three  crews  named  MACHINE,  REPAIR  and  FINISH.  The  number  of  crew 
members  on  each  shift  follows  the  name.  Thus,  the  MACHINE  crew  has 
10  members  on  the  first  shift,  5  on  the  second  and  2  on  the  third. 

The  facility  file  follows  the  G0.FTO9FOO1  statement. 

The  first  facility  is  the  cutter,  serial  number  AAB00002.  Its 
operator  crew  is  the  MACHINE  crew,  its  maintenance  crew  is  the  REPAIR 
crew.  It  has  a  M0TTF  of  401.5  hours  and  a  MTTR  of  3.2  hours.  The 
other  entries  on  the  card  are  left  blank,  indicating  default  values: 
minimum  entry,  maximum  entry,  maximum  capacity  and  number  of  operators 
are  all  1,  the  facility  is  locking  and  halts  at  shift  change. 

The  third  facility,  the  paint  brush,  has  no  entries  for  M0TTF 
and  MTTR.  So  it  never  fails.  Since  a  facility  that  never  fails  does 
not  require  a  mai..;enance  crew,  no  maintenance  crew  is  specified. 

The  ovens  have  a  minimum  entry  of  5,  a  maximum  entry  of  10  and 
maximum  capacity  of  50.  This  means  that  items  are  put  into  the  ovens 
In  batches,  each  batch  containing  no  less  than  5  items  and  no  more 
that  10.  The  ovens  are  also  continuous  and  unlocking. 
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The  first  process  file  follows  the  G0.FT1OFOO1  card.  The  items 
for  this  process  file  are  called  "Widqet"  and  have  the  highest 
priority.  There  are  two  inputs  specified  (2nd  and  3rd  cards).  The 
first  input  specifies  that  30  widgets  are  to  be  introduced  every  48 
hours,  beginning  immediately.  The  second  Input  specifies  20  widgets 
every  48  hours  beginning  24  hours  after  the  start  of  simulation  at 
step  0002.  Since  from  the  SYSIN  file  (see  below)  It  follows  that 
there  are  24  hours  in  a  day,  the  inputs  in  effect  specify  that 
widgets  are  to  be  introduced  at  the  start  of  the  day,  with  30  widgets 
being  introduced  every  other  day  and  20  widgets  on  the  days  in  between. 

The  first  step  packet  is  for  step  0001,  "lathe  ends".  There 
are  four  facilities  available  for  performing  this  task,  those  with 
serial  numbers  AAC34125,  AAC49502,  AAC49512  and  AAC49504.  The  step 
requires  1.5  hours  on  AAC34125  but  only  0.5  hour  on  the  others. 

Widgets  worked  on  by  AAC34125  will  go  on  to  step  0005.  The  cards 
for  the  other  facilities  have  no  next-step  entry;  consequently, 
widgets  worked  on  by  other  facilities  are  routed  to  0003,  which  is 
the  next  step  specified  on  the  step  card. 

The  step  card  for  step  0005,  "cut  slot",  specifies  that  the 
output  of  that  step  is  to  be  split.  As  the  step  facility  cards  have 
no  splitting  entries,  the  split  applies  to  both  facilities  used  for 
this  step.  The  probability  of  splitting  is  0.3  and  the  split  step 
is  0007.  This  means  that  0.3,  or  30X,  of  the  items  passing  through 
step  0005  will  be  routed  to  step  0007  upon  completion  of  step  0005. 

The  remaining  70"  will  go  on  normally  to  the  next  step,  defined  by 
system  default  to  be  step  0006. 

Step  0010,  "drill  mid  holes",  also  has  a  split.  However,  here 
the  split  step  is  "SCRP",  the  SCRAP  step.  The  probability  of 
splitting  is  0.01,  or  IX.  So  IX  of  the  item  passing  through  step  0010 
will  be  scrapped  after  completion  of  step  0010. 

According  to  the  G0.FT11FOO1  card,  file  11,  which  would  normally 
contain  the  second  process  file,  is  a  dummy,  i.e.,  it  is  empty.  So 
there  are  no  more  process  files. 

The  SYSIN  file  follows  the  G0. SYSIN  card.  The  first  card  is  the 
title  that  will  appear  on  each  page  of  output.  The  second  contains 
the  number  of  days  in  a  month,  30.  The  third  card  specifies  that  the 
results  of  the  simulation  are  to  be  based  on  12  months,  that  2  months 
are  to  be  allowed  for  warm-up  to  get  to  a  steady  state  condition 
(giving  14  months  altogether,  the  results  of  the  first  2  being 
discarded)and  that  the  total  item  storage  capacity  is  200. 

The  shift  cards  follow.  The  first  shift  is  called  "Days"  and 
lasts  for  8  hours.  The  second  shift  is  called  "Evenings"  and  lasts 
for  8  hours,  etc. 
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TABLE  A1 

SYSIN  File  Formats 


Card 

Column 


1  -  80 

1  -  4 
5-80 

1  -  4 

5-8 

9-12 

13  -  16 

17  -  80 

1  -  8 
9-16 
17  -  80 


Contents  Default 

Card  1 

Title  80  blanks 

Card  2 

Number  of  days  per  month  20 
Not  read 


Card  3 


Number  of  months'  simu-  1 

latlon  on  which  output 
Is  to  be  based 

Number  of  months  for  1 

warm-up 

Total  Item  Storage  500 

Capacity 

Random  generator  0 

starting  point 


Not  read 

Card  4  and  following 
(shift  cards) 

Shift  name  None 

Hours  in  the  shift  None 

Not  read 


Format 

Literal  (10A8) 

Integer  (14) 

Integer  (14) 

Integer  (14) 
Integer  (14) 
Integer  (14) 


Literal  (A8) 
Real  (E8,0) 
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TABLE  A2 


Crew  Card  Format 

Card 


Column 

Contents 

Default 

Format 

1  -  8 

Crew  name 

None 

Literal  (A8) 

9  -  12 

Number  of  members  on 
first  shift 

0 

Integer  (14) 

13  -  16 

Number  of  members  on 
second  shift  (if  any) 

0 

Integer  (14) 

17  -  20 

Number  of  members  on 
third  shift  (If  any) 

0 

Integer  (14) 

21  -  80 

Not  read 
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TABLE  A3 


Facility  Card  Format 


Card 

Column 

Contents 

Default 

Format 

1  -  8 

Serial  number 

None 

Literal  (A8) 

9-24 

Facility  name 

None 

Literal  (2A8) 

25  -  32 

Operator  crew 

None 

Literal  (A8) 

33  -  40 

Maintenance  crew 

None 

Literal  (A8) 

41  -  48 

Mean  Operating  Time  to 
Failure  (MOTTF) 

No  failure 

Real  (E8.0) 

49  -  56 

Mean  Time  to  Repair  (MTTR) 

0 

Real  (E8.0) 

57  -  60 

Minimum  Entry  (MINENT) 

1 

Integer  (14) 

61  -  64 

Maximum  Entry  (MAXENT) 

MAXENT=MINENT 

I.iteger  (14) 

65  -  68 

Maximum  Capacity  (MAXCAP) 

MAXCAP=MAXENT 

Integer  (14) 

69  -  72 

Number  of  Operators* 

1 

Integer  (14) 

73 

Locking  or  Unlocking** 

Locking 

Literal  (Al) 

74 

Disposition  at  Shift 

Change  for  Operation*** 

Halt 

Literal  (Al ) 

75  -  78 

Number  of  Repairmen* 

1 

Integer  (14) 

79 

Disposition  at  Shift 

Change  for  Repair*** 

Halt 

Literal  (Al) 

*  To  specify  none,  place  a  negative  number  in  this  field. 

**  Any  non-blank  character  in  CC73  Indicates  unlocking. 

An y  non-blank  character  indicates  continuous. 


TABLE  A4 


Step  Card  Format 


Card 


Column 

Contents 

Default 

Format 

1  -  4 

Step  number 

None 

Literal  (A4) 

5-20 

Step  name 

None 

Literal  (2A8) 

21  -  28 

Process  time 

None 

Real  (E8.0) 

29  -  32 

Next  step 

Literal  (A4) 

33  -  36 

Probability  of  splitting 

0 

Real  (E4.0) 

37  -  40 

Split  step 

SCRAP 

Literal  (A4) 

41  -  80 

Not  read 

*  Default  is  the  next  step  physically  following,  If  there  Is  one; 
otherwise  EXIT. 
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TABLE  A5 


Step-Facl! Ity  Card  Format 


Card 

Col umn 

Contents 

Default 

Format 

1 

Type  of  next  card* 

Blank 

Literal  (A1 ) 

2-9 

Facility  serial  number 

None 

Literal  (A8) 

10  -  17 

Process  time 

** 

Real  (F.8.0) 

18  -  21 

Next  step 

*** 

Literal  (A4) 

22  -  25 

Probability  of  splitting 

*** 

Real  (E4/0) 

26  -  29 

Split  step 

*** 

Literal  (A4) 

30  -  80 

Not  read 

*  A  blank  Indicates  that  the  next  card  is  also  a  step-facility  card; 
any  non-blank  character  indicates  that  the  next  card  is  not  a 
step-facility  card. 

**  Default  Is  provided  by  the  process-time  entry  on  the  step  card.  If 
one  Is  provided;  otherwise  there  Is  no  default. 

***  Default  Is  provided  by  the  corresponding  entries  on  the  step  card 
or  by  their  defaults. 
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appendix  b 

SAMPLE  OUTPUT  FROM  PRDLN 


In  this  appendix,  the  output  from  the  program  PRDLN  will  be 
described.  As  an  example,  we  use  the  output  given  by  the  input  dpck 
used  as  an  illustration  in  Appendix  A.  This  output  is  shown  in 
Figure  B1 . 


Some  general  comments:  First,  the  output  has  been  designed  so 
that  each  page  may  be  reproduced  on  an  8-1/2"  X  14"  sheet  of  raoar 
the  14"  side  on  the  horizontal.  Second,  the  date  that  IpoMrlm  «ch 
page  of  the  sample  output  was  taken  from  the  title  card  of  the  input 
deck.  The  program  will  not  produce  dates  on  its  own.  The  page  numbers 
are  produced  automatically.  The  program  produces  all  output  on  data 
set  6,  which  is  assumed  to  have  logical  records  of  133  bytes  fixed 
length  with  ASA  control  characters  in  the  first  byte  of  each  logical 
cr^°c^'i  The  user.™?y. direct  output  as  desired  by  modifying  the 
FT06F001  data  definition  in  the  G0  step,  provided  the  desired  output 
medium  can  handle  logical  records  of  fixed  length  of  133  bytes. 

On  the  sample  output,  each  block  of  output  conveniently  fit  on 
one  page.  If  a  block  of  output  cannot  fit  entirely  on  one  page,  then 
continuation  pages  with  the  appropriate  headings  are  produced.  Page 
numbering  is  sequential.  Consequently,  the  "facility  failure  data", 
for  example,  which  appears  on  the  sample  output  on  page  5,  may  not  be 
on  page  5  in  all  output  listings.  Recall  that  the  program  requires  a 
warm-up  period  to  get  to  a  steady  state  condition.  The  results  of 
the  warm-up  period  are  not  included  in  and  do  not  contribute  to  any  of 
the  statistics  in  the  output. 


All  times  mentioned  in  the  output  listings  are  in 
specifically  labelled  otherwise. 


hours,  unless 


General  System  Information  and  Shift  and  Crew  Data 


The  first  block  cr  data,  appearing  on  pace  1  in  the  sample, 
contains  general  information  and  data  concerning  shifts  and  crews.  All 
of  this  data  up  to  and  including  "numbers  of  crew  members"  are  taken 
from  the  input  data,  and  should  be  self-explanatory. 

H  •”^ie  labelled  "average  number  of  active  workers  per  unit 

Item  is  generated  by  the  program.  The  numbers  in  these  tables  are  time 
averages.  In  general,  let  f(t)  be  some  function  of  time,  t.  If  t1  and 
t2  are  times  and  t^t2,  then  the  time  average  of  the  function  f  over 
the  time  interval  from  t^  to  t2  is  defined  as: 


f(t)dt 
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The  time  average  gives  a  "typical"  or  "central"  value  of  the 
function  f  as  it  varies  over  tine,  just  as  the  familiar  arithmetic 
average  gives  a  "typical"  or  "central"  value  of  a  set  of  numbers. 

For  the  "number  of  active  workers  per  unit  tine"  table,  the 
function  f(t)  is  the  number  of  active  workers  at  time  t.  The  figures 
in  the  table  provide  one  measure  of  how  busy  the  workers  are.  For 
example,  on  the  "machine"  crew  on  day  shift,  8.91  workers  out  of  0 
are  active,  on  the  average.  Consequently,  the  workers  on  this  shift 
and  crew  are  kept  fairly  busy.  On  the  other  hand,  on  the  repair 
crew  on  day  shift,  only  0.11  workers  out  of  3  are  active,  on  the 
average.  This  would  suggest  that  the  "repair"  crew  might  be  over¬ 
staffed  on  day  shift. 

Production  Processes 

The  next  blocks  of  data  to  be  printed  are  the  production 
processes.  In  the  sample,  there  is  only  one  production  process, 
which  appears  on  page  2.  The  data  on  this  page  with  the  exception  o 
the  "percent  taken"  column  are  taken  from  the  input  deck.  '<ote  that 
all  values  not  specified  in  the  input  deck  have  been  filled  in  with 
their  defaults. 

Recall  that  the  facilities  for  each  step  are  alternatives.  For 
each  step,  only  one  of  the  listed  facilities  will  be  used  for  each 
item  passing  through  the  step.  The  "percent  taken  column  gives  the 
percentage  of  times  that  a  particular  alternative  was  selected.  For 
example  in  the  first  step,  number  0001,  these  are  four  facilities. 

The  first  one,  serial  AAC34125,  was  selected  11.3%  of  the  time.  The 
second  one,  serial  AAC49502,  was  selected  24.6%  of  the  time,  etc. 

Facility  Characteristics 

The  next  block  of  data  is  the  facility  characteristics,  which 
appear  on  page  3  in  the  sample.  This  table  lists  the  options  chosen 
byPthe  user, either  explicitly  or  by  default,  for  each  facility. 

Facility  Failure  Data 

The  next  block  of  data  is  the  facility  failure  data,  which 
appears  on  page  4  of  the  sample.  These  data  consist  of  both  input 
data  and  values  calculated  by  the  program  from  the  simulation.  First 
let  us  define  some  terms. 

A  facility  is  "in  use"  or  is  being  "operated"  whenever  it  is 
actively  processing  items.  The  facility  is  not  considered  to  be  in 
use"  when  it  is  in  a  halted  or  down  condition.  The  facility  i- 
"waiting  for  maintenance"  when  it  has  gone  down  (i.e.,  experienced  a 
failure)  but  repair  or  maintenance  has  not  yet  begun.  The  facility  is 
in  "active  maintenance"  whenever  it  is  down  and  repairmen  are  actually 
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working  on  it  to  restore  it  to  service.  The  terms  "repair"  and 
"maintenance"  are  used  interchangeably,  since  the  current  version  of 
PRDLN  does  not  distinguish  between  scheduled  and  unscheduled  outages. 
The  "total  time"  will  refer  to  the  total  time  over  which  the  facility 
was  observed. 

The  "mean  operating  time  to  failure"  (MOTTF)  is  defined  by: 

Mn  r  _  total  time  in  use 
mjllh  =  number  of  failures 

There  are  two  MOTTF  entries  labelled  "input"  and  "simulated".  The 
"input"  column  is  the  MOTTF  specified  by  the  user  in  the  input  deck. 
This  column  is  filled  with  asterisks  if  the  user  specified  that  the 
facility  never  failed.  The  "simulated"  MOTTF  is  the  MOTTF  observed 
by  the  program  during  the  simulation.  The  input  and  simulated  values 
will  generally  be  different  because  the  program  generates  random 
variables  for  times  between  failure. 


The  "mean  time  to  fail"  (MTTF)  is  given  by: 

mttc  =  total  time  not  in  active  maintenance 
n  ”  number  of  failures 

MTTF  is  calculated  from  the  simulation  data.  Note  the  difference 
betv/een  MOTTF  and  MTTF:  The  MOTTF  is  the  average  time  in  use  between 
failures,  whereas  MTTF  is  the  average  total  time  between  failures, 
excluding  time  in  active  maintenance.  Both  MOTTF  and  MTTF  are 
measures  of  how  often  a  facility  fails,  but  they  are  not  equivalent 
and  not  equally  useful  in  all  contexts.  For  example,  we  may  have  a 
facility  with  a  fairly  low  MOTTF,  but  which  is  used  relatively  little. 
This  means  that  one  gets  relatively  little  use  out  of  the  facility 
between  failures.  However,  because  it  is  used  relatively  little,  its 
failures  will  be  far  apart  in  absolute  time,  i.e.,  its  MTTF  will  be 
high.  The  MTTF  is  of  greater  use  than  MOTTF  in  the  allocation  of 
repair  and  maintenance  resources,  since  a  facility  that  fails  relative 
ly  seldom  (high  MTTF)  will  make  relatively  little  demand  on  the 
repair  resources,  regardless  of  its  MOTTF. 

The  simulated  MOTTF  and  MTTF  columns  are  filled  with  asterisks 
whenever  the  facility  has  not  failed  during  the  simulation. 

The  "mean  time  to  repair"  (MTTR)  is  defined  by: 

,,TTP  _  total  time  in  active  maintenance 
miK  '  number  of  failures 

The  MTTR  is  a  measure  of  how  long  the  facility  stays  down  after  it  has 
failed.  MTTR,  like  MOTTF,  is  given  as  "input"  and  as  "simulated". 
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The  input  MTTR  is  the  value  specific  by  the  user  in  the  Input  deck. 
This  column  Is  filled  with  asterisks  if  the  user  specified  that  the 
facility  never  falls.  The  simulated  MTTR  Is  the  MTTR  actually 
calculated  from  the  simulation  data  Slice  the  program  generates 
random  variables  for  repair  times,  the  Input  and  simulated  MTR  s  wi 1 1 
generally  differ.  The  simulated  MTTR  column  is  filled  with  asterisks 
If  the  facility  never  failed  during  the  simulation. 

The  "mean  waiting  time  to  maintenance"  (MWTTM)  is  defined  by: 


MWTTM 


total  time  waiting  for  maintenance 

number  of  failures 


MWTTM  is  calculated  from  the  simulation  results.  It  is  one  measure 
of  the  effectiveness  of  a  maintenance  policy.  The  MWTTM  column  is 
filled  with  asterisks  if  the  facility  never  failed  during  the 
simulation. 

The  term  "average  number  of  failures  per  month"  should  be 
self-explanatory. 


Facility  Usage  Data 

The  facility  usage  data  is  the  next  block  of  data  and  appears 
on  pages  5  and  6  in  the  sample.  The  terms  used  are  defined  by: 


utilization  rate 


total  time  in  use 

total  time 


total  time  in  active  maintenance 
maintenance  rate  -  total  time 


total  time  waiting  for  maintenance 
awaltlng-maintenance  rate=-  tocal  time 


idle  rate  =  1  -  sum  of  the  other  three  rates 

Each  of  the  four  rates  is  broken  down  by  shift.  The  "overall1 
columns  give  the  rates  not  broken  down  by  shift.  For  example,  the 
first  facility  listed  in  the  sample  (serial  number  AAB00002)  has  an 
overall  utilization  rate  of  25.5%.  This  means  that  25.5%  of  the  time 
AAB00002  was  in  use.  Its  overall  maintenance  rate  Is  0.4,o.  This 
means  that  0.4%  of  the  time  AAB00002  was  in  active  maintenance.  The 
Idle  and  awaiting  maintenance  rates  are  similarly  Interpreted. 


Queue  Data 

ThP  npxt  block  of  data,  queue  data,  appears  in  the  sample  on 

7  Dorsil  that  each  step  in  each  production  process  has 

P35e  \  vait'-lq  area  where  items  wait  for  service.  The  items  are 
queue--a  v.ait.ng  area  wne  romDlete  service  on  the 

placed  in  queue  for  a  step  as  p°p  SQ0nydS  they  can  obtain  service 
previous  step  and  leave  the  queue  an  item  being  processed 

fn  a  ISlJg  rs^^a^qS-and^does^eturn  to  queue  if  the 

facility  halts. 

The  "queue  length"  is  the^number^of^items^in^a^queue^at^a^gwen 

moment.  The  waiting  time  QUPUe  data  lists  for  each  step 

item  spends  waiting  in  t the  queue  The  The  everage 

*»  T’enotHfa  tire  awage,  and  Is  a  measure  ot  how  many  items 
are*1" usually”1  waiting  at  the  aueue.  Note  tha^average  ?ueue  Wh 

“  ^uan^^Se’^STasts  tor  FOTort  time  *,  not 
have  much  effect  on  the  average. 

ir,nnt-h  k  pvtrpmelv  useful  in  identifying 

"bottleSVnTe  aff?ss. ndAhrsuaUyM?-varage 

available9)?  SStTtlp  are  not  adequate  to  handle  the  demands  on  them. 
The  average  waiting  time  is  a 

cparnodSct“tt,n9 

time  between  arrivals  in  the 

queue  or  any  other  such  quantity. 

Production  Data 

The  final  block  of  data  is  P™1*11.™ 5“ed"$S  i"t  passes 

page  8  In  the  sample.  An  't™ITswp  is  a  progranmatically-created 

through  the  EXIT  step,  ,'he  EXll  step  is  a  m  (Recall  that  items 
step  added  to  the  end  of  each  p  na<;<;1na  throuqh  either  the  EXIT 

step^or’the  s^.^«S  passing  through  the  SCRAP  step  -not 

added  to  the  production  figures.)  The  figures  in 
do  not  include  the  warm-up  months. 
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Simulation  results  begin  with  the  "average  number  of  Items 
produced  per  month".  This  term  should  be  self-explanatory.  The 
average  number  of  items  in  the  system  per  unit  time"  is  a  time  average. 
The  number  of  items  in  the  system  at  any  time  includes  all  the  items  in 
the  queues  and  In  the  facilities. 

„  ,Under  "number  of  items  produced  each  month  in  chronological 
order  is  a  list  of  items  produced.  The  first  entry  is  the  number  of 
Items  produced  in  the  first  month  after  warm-up.  The  second  entry  is 
the  number  of  items  produced  in  the  second  month  after  warm-up,  etc. 

A  noticeable  trend  in  tnese  values  (other  than  cyclic  trends)  may  mean 
that  the  system  has  not  reached  a  steady-state  condition  after  warm-uo. 

The  last  table  in  the  block  of  data  summarizes  the  production 
figures.  "N"  in  the  column  headings  refers  to  the  numbers  listed  in 
the  first  column.  The  entries  in  the  last  column,  the  "estimated 
probability  of  producing  N  or  more  items  in  one  month"  is  calculated  by 
formula: 


number  of  months  in  which  N  or  more  items  were  produced 
total  number  of  months 


This  last  column  is  important  in  determining  how  often  a  production  goal 
will  be  met.  For  example,  if  the  widget  manufacturer  was  required 
to  produce  740  widgets  each  month,  the  simulation  suggests  that  he 
could  meet  this  requirement  about  83%  of  the  time. 
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-RC  1 

-RM  1 

-RP  3 

CHIEF,  LWC  MORTAR  SYS.  OFC.  j 

ATTN:  DREAR- LCB-M  3 

CHIEF,  IMP.  --’lMM  MORTAR  OFC.  1 

ATTN:  DRDAR-LCB-I  '  1 

TECHNICAL  LIBRARY  .  5 

ATTN:  DRDAR-LCB-TL 

TECHNICAL  PUBLICATIONS  &  EDITING  UNIT  2 

ATTN:  DRDAR-LCB-TL 

DIRECTOR,  OPERATIONS  DIRECTORATE  1 

DIRECTOR,  PROCUREMENT  DIRECTORATE  •  1 

DIRECTOR,  PRODUCE  ASSURANCE  DIRECTORATE  1 


NOTE:  PLEASE  NOTIFY  ASSOC.  DIRECTOR,  BENET  WEAPONS  LABORATORY,  ATTN: 
DRDAR-LCB-TL,  OF  ANY  REQUIRED  CHANGES. 


TECHNICAL  REPORT  EXTERNAL  DISTRIBUTION  LIST 


HO.  OF 
COPIES 


ASST  SEC  OF  THE  ARMY 
RESEARCH  ft  DEVELOPMENT 
ATTN:  DFP  FOR  SCI  ft  TECH 
THE  -PENTAGON 
WASHINGTON.  D.C.  20315 

COMMANDER 

US  ARMY  MAT  DEV  ft  READ.  CO.® 
ATTN:  DRCDE 
5001  EIS ENHOWER  AVE 
ALEXANDRIA,  VA  22333 

COMMANDER 
US  ARMY  ARIA  PC  CM 
ATTN:  DRPAR-LC 

-ICA  (PLASTICS  TECH 
EVA  I,  CEN) 

-LCE 

-LCM 

-ICS 

-ICW 

-TSS(STINFO) 

DOVER,  NJ  07801 

COMMANDER 
US  ARMY  ARRCO.! 

ATTN:  DR3AR-LEP-L 
ROCK  ISLAND  ARSENAL 
ROCK  ISIAND,  IL  61299 


DIRECTOR 

US  Amy  Ballistic  Research  Laboratory 
ATTN:  DRDAR-TSB-S  (STINFO)  1 

ABERDEEN  PROVING  GROUND.  Mn  21005 

COMMANDER 

US  ARMY  ELECTRONICS  CCMD 

ATTN:  TECH  LIB  1 

FT  MONMOUTH,  NJ  07503 


CO.WANDER 

US  ARMY  MOBILITY  EQUIP  RftD  CCMD 
ATTN:  TECH  LIB 
FT  BELVOIR,  VA  22GbO 


1 

1 

1 

1 

1 

1 

2 


1 


CORIANDER 

US  ARMY  TANK-AUTMV  RftD  CO'D 
ATTN:  TECH  LIB  -  DRDTA-UL 
MAT  IAB  -  PRDTA-'tX 
WARREN  MICHIGAN  43090 

COMMANDER 

US  MILITARY  ACAPFMY 
ATTN:  CHMN,  MECH  KNG:i  EPT 
WEST  POINT,  NY  10996 

COMMANDER 
REDSTONE  ARSENAL 
ATTN:  DRSMT-RB 
-RRS 
-RSM 

ALABAMA  35 -W 
C  CMMANPER 

ROCK  ISLANf  ARSENAI 

ATTN:  SARRI-ENM  (MAT  SCI  DIV) 

ROCK  ISLAND,  IL  61202 

COMMANDER 

HQ,  US  ARMY  AVN  SCH 
ATTN:  OFC  OF  THE  LIBRARIAN 
FT  RUCKER,  ALARAMA  36362 

COMMANDER 

US  ARMY  FGN  SCIENCE  ft  TECH  CEN 
ATTN:  DRXST-SD 
220  7TH  STREET,  N.E. 
CHARLOTTESVILLE,  VA  22901 

COMMANDER 

US  ARMY  MATERIALS  ft  MECHANICS 
RESEARCH  CENTER 
ATTN:  TECH  LIB  -  DRXMR-PL 
WATERTOWN,  MASS  02172 


•NO.  OF' 
COPIES 


2 

1 

1 


OLE:  PLEASE  NOTI^;  COMMANDER,  ARRADCCM,  ATTN:  BENET  WEAPONS  IABORATORY. 
DHDAR-LCB-TL,  WATERVLIET  ARSENAL,  WATERVLIET,  N.Y.  12189,  OF  ANY 
REQUIRED  CHANGES. 


TECHNICAL  REPORT  EXTERNAL  DISTRIBUTION  LIST  (CONT) 


NO.  OF 
COPIES 


COMMANDER 

IJS  ARMY  RHSFARCH  OFFICE 
P.O.  BOX  12211 

RESEARCH  TRIANGLE  PARK,  NC  27709 
COMMANDER 

!JS  ARf.fi’  HARRY  DIAMOND  LAB 
ATTN:  TECH  LIB 
2300  POWDER  MILL  ROAD 
A I  ELPHIA,  MD  20733 

DIRECTOR 

US  ARMY  INDUSTRIAL  BASE  ENG  ACT 

ATTN :  DRXPE-MT 

SOCK  ISLAND,  IL  61201 

CHIEF,  MATERIA  IS  BRANCH 
US  ARMY  R4S  GROUP,  EUR 
BOX  65,  EPO  N.Y.  09510 

COMMANDER 

NATAL  SURFACE  WFAPONS  CEN 
ATTN:  CHIEF,  MAT  SCIENCE  DIV 
I  AH  LG  REN,  VA  2244« 

DIRECTOR 

US  NAVAL  RESEARCH  IAB 
ATTN:  DIR.  MECH  DIV 

CODE  26-27  (DOC  LIB) 

Washington,  d.  c.  20375 

NASA  SCIENTIFIC  4  TECH  INFO  FAC 
P.  0.  BOX  8757,  ATTN:  ACO  BR 
BALTIMORE/ WASHINGTON  INTL  AIRPORT 
MARYLAND  21240 


COMMANDER 

DEFENSE  TECHNICAL  INFO  CENTER 
1  ATTN:  DTIA-TCA 
CAMERON  STAT I ON 
ALEXANDRIA,  VA  22314 

METALS  Pj.  CERAMICS  INFO  CEN 
1  FATTELLE  COLUMBUS  IAB 
505  KING  AVE 
COLUMBUS,  QUO  4  3  201 

MECHANICAL  PROPERTIES  TATA  CTR 
BATTELLE  COLUMBUS  IAB 
1  505  KING  AVE 

COLUMBUS,  OHIO  43201 

MATERIEL  SYSTEf.C  ANALYSIS  ACTV 
1  ATTN:  DRXSY -MP 

ABERDEEN  PROVING  GROUND 
MARYLAND  21005 


1 


1 

1 


1 


NOTE:  PLIASE  NOTIFY  COMMANDER,  ARRADCCM,  ATTN:  BENET  WEAPONS  LABORATORY 
DRDAR-ICB-TL,  WATERVLIET  ARSENAL,  WATERVLIET,  N.Y.  12189,  OF  ANY 
REQUIRED  CHANGES. 


